The melanocortin-4 receptor (MC4R) is a G protein-coupled receptor critical for maintaining energy homeostasis. Transmembrane domain 3 (TM3) of MC4R contains residues that were suggested to be essential in ligand binding and signaling. Several MC4R mutations in TM3 are associated with human obesity. To gain a better understanding of the functions of TM3, we analyzed the functions of 26 residues in TM3 using alanine-scanning mutagenesis. We showed that all mutants had normal cell-surface expression. Four mutants were defective in ligand binding and signaling and six mutants had normal ligand binding but impaired cAMP production. L140A had increased basal cAMP level. To further characterize the function of L140, we generated 17 additional L140 mutants. Fifteen L140 mutants had significantly decreased cell-surface expression, with L140R and L140V expressed normally. Ten L140 mutants had increased basal cAMP activities. Four L140 mutants were defective in ligand-stimulated cAMP generation. Interestingly, with the ERK1/2 pathway, we showed that nine constitutively active mutants had similar levels of basal pERK1/2 as that of WT, and two signaling defective mutants had similar levels of pERK1/2 as that of WT upon agonist stimulation, different from their cAMP signaling properties, suggesting biased signaling in these mutant receptors. In summary, we identified 13 residues in TM3 that were essential for ligand binding and/or signaling. Moreover, L140 was critical for locking MC4R in inactive conformation and several mutants showed biased signaling in cAMP and ERK1/2 signaling pathways.
Introduction
Obesity is rapidly becoming a critical health problem in the USA, with nearly 70% of adults considered as overweight or obese compared with !25% 40 years ago (Flegal et al. 2012) . Obesity and associated comorbidities, such as type II diabetes mellitus, hypertension, and heart diseases, have reached epidemic proportions in the USA and in other developed countries (Bhargava et al. 2004) .
Studies have demonstrated that the melanocortin-4 receptor (MC4R) is critical for regulating food intake and energy expenditure in mice (Huszar et al. 1997) .
Mc4r knockout mice have maturity-onset obesity, hyperphagia, hyperglycemia, and hyperinsulinemia. Human genetic studies have demonstrated that mutations in MC4R are the most common cause of monogenic obesity, characterized by its early onset and severity (Farooqi et al. 2003) . More than 150 MC4R mutations, including nonsense, missense, frameshift, and inframe deletions, have been identified from obese patient cohorts of different ethnic origins (Tao 2005 (Tao , 2010 .
The MC4R is a member of family A G proteincoupled receptors (GPCRs) with seven transmembrane (TM) helices connected by alternating extracellular and intracellular loops. Since the cloning of the MC4R by Gantz et al. (1993) , it has been established that this receptor subtype primarily couples to the stimulatory G protein (G s ), which increases adenylyl cyclase activity and subsequently leads to increased cAMP production that then enhances the activity of protein kinase A (PKA). The activation of MC4R by the endogenous agonist, a-melanocyte-stimulating hormone (a-MSH), results in decreased food intake and increased energy expenditure, while the inhibition of MC4R by the endogenous antagonist, agouti-related protein, leads to increased food intake and decreased energy expenditure (Fan et al. 1997 , Fong et al. 1997 , Ollmann et al. 1997 . Ligands targeting the MC4R have significant therapeutic potential in obesity treatment. Therefore, a better understanding of MC4R function at the molecular level is critical for the development of effective therapy for human obesity.
In addition to the conventional G s -cAMP-PKA pathway, it has been recently demonstrated that MC4R also activates ERK1/2 (Daniels et al. 2003 , Vongs et al. 2004 and this signaling pathway is involved in melanocortin-induced decreases in food intake (Sutton et al. 2005) . Thus, activation of the ERK1/2 pathway is one cellular mechanism that may underlie the regulation of energy homeostasis mediated by the MC4R.
TM domain 3 (TM3) has been suggested to be important for ligand binding and activation in various GPCRs (Farrens et al. 1996 , Sheikh et al. 1996 , Gether et al. 1997 , Lu & Hulme 1999 , Rasmussen et al. 1999 , Tao et al. 2000 , Ballesteros et al. 2001 , Roth et al. 2008 . Studies based on site-directed mutagenesis (Rasmussen et al. 1999 , Tao et al. 2000 , Ballesteros et al. 2001 , Roth et al. 2008 , electron paramagnetic resonance spectroscopy (Farrens et al. 1996) , fluorescence spectroscopy (Gether et al. 1997) , and engineered metal ion-binding site studies (Sheikh et al. 1996) have indicated the potential role of TM3 in GPCR functions. Indeed, direct evidence from high-resolution crystal structures of several GPCRs, such as rhodopsin (Palczewski et al. 2000) , b 2 -adrenoceptor , and human A (2A) adenosine receptor (Jaakola et al. 2008) , further confirmed that the movement of TM3 was critical for the conversion of the receptor to the active conformation.
A few recent studies suggested that TM3 of MC4R was important for ligand binding and activation (Yang et al. 2000 , Haskell-Luevano et al. 2001 , Lagerstrom et al. 2003 , Pogozheva et al. 2005 , Chen et al. 2007 . Some residues in TM3 have been suggested to be essential in forming binding pockets that directly interact with ligand (Yang et al. 2000) , and some residues in TM3 have been implicated to be crucial in receptor activation by participating in a conformational switch upon ligand stimulation (Chen et al. 2007 ). In particular, several naturally occurring MC4R mutations found in TM3 have been associated with human obesity (Tao 2009 (Tao , 2010 . However, the structure-function relationship of MC4R TM3 has not been fully elucidated. In the current study, pharmacological characterization of 26 amino acid residues (Fig. 1 , from V119 to V145, excluding S136 and DRYFTI motif) was performed systematically to gain further insight into the molecular basis involved in cell-surface expression, ligand binding, and receptor activation. 125 I]-NDP-MSH was prepared using a modified chloramine-T method as described previously (Xiang et al. 2006) . Cell culture plates and flasks were purchased from Corning (Corning, NY, USA). Cell culture media, newborn calf serum, antibiotics, and reagents were obtained from Invitrogen.
Materials and methods

In vitro mutagenesis of MC4R
WT human (h) MC4R was generously provided by Dr Ira Gantz (University of Michigan, Ann Arbor, MI, USA) and tagged with c-myc epitope tag at the N-terminus as described previously (Tao & Segaloff 2003) . Mutations were generated using QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA) with WT myc-hMC4R as template (Tao & Segaloff 2003) . Plasmids used for transfection were prepared using IsoPure Maxi Prep Kit (Denville Scientific, Metuchen, NJ, USA). Automated DNA sequencing was performed (University of Chicago Cancer Research Center DNA Sequencing Facility, Chicago, IL, USA) to confirm that the intended mutations were introduced in the constructs correctly.
Cell culture and DNA transfection HEK293T cells were obtained from American Type Culture Collection (Manassas, VA, USA) and maintained at 5% CO 2 in DMEM containing 10 mM HEPES, 10% newborn calf serum, 100 units/ml penicillin, 100 mg/ml streptomycin, 0 . 25 mg/ml amphotericin B, and 100 mg/ml gentamicin. Cells were plated on gelatin-coated 35 mm six-well clusters and transfected at 50-70% confluency using calcium phosphate transfection method (Chen & Okayama 1987) . Ligand binding assay, cAMP signaling assay, and flow cytometry assays were performed 48 h after transfection.
Radioligand binding assay
Ligand binding assays were performed as described in detail previously (Tao & Segaloff 2003 K11 to 10 K6 M) at 37 8C for 1 h. Cells were then washed twice with cold Hank's balanced salt solution containing 1 mg/ml BSA and subsequently solubilized with 100 ml of 0 . 5 M NaOH. Cell lysates were then collected using cotton swabs and counted using a gamma counter. All determinations were performed in duplicate. Apparent maximal binding (B max ; Tansky et al. 2007) or receptor occupancy (Wang et al. 2008) and concentrations that result in 50% inhibition (IC 50 ) were calculated using Prism 4.0 Software (San Diego, CA, USA).
cAMP signaling assay
Forty-eight hours after transfection, cells were washed twice with warm Waymouth/BSA and then incubated in fresh Waymouth/BSA containing 0 . 5 mM isobutylmethylxanthine (Sigma-Aldrich) at 37 8C for 15 min. Subsequently, either buffer alone or different concentrations of NDP-MSH (from 10 K12 to 10 K6 M) were added and the incubation was continued for another hour. Cells were then solubilized with cold 0 . 5 N perchloric acid containing 180 mg/ml theophylline (phosphodiesterase inhibitor). The supernatant was collected to measure the level of cAMP production using RIA . All determinations were performed in triplicate. Maximal response (R max ) and concentrations that result in 50% maximal response (EC 50 ) were calculated using Prism 4.0 Software.
Flow cytometry assay
The cell surface and total expression level of WT and mutant MC4Rs were quantified using flow cytometry technique as described earlier (Fan & Tao 2009 ) except that transiently transfected cells were used. Briefly, 48 h after transfection, cells were placed on ice and washed twice with filtered PBS for immunohistochemistry (PBS-IH, 137 mM NaCl, 2 . 7 mM KCl, 1 . 4 mM KH 2 PO 4 , and 4 . 3 mM Na 2 HPO 4 , pH 7 . 4), fixed with 4% paraformaldehyde for 30 min, permeabilized (only for measurement of total expression level) with 1% Triton X-100 in PBS-IH for 4 min, and then incubated with blocking solution (PBS-IH with 5% BSA) for 1 h. Cells were then incubated with monoclonal anti-myc (9E10) antibody (Developmental Studies Hybridoma Bank at the University of Iowa, Iowa City, IA, USA) diluted 1:100 in PBS-IH with 0 . 1% BSA for 1 h. Cells were then washed thoroughly and incubated for another hour with Alexa Fluor 488-conjugated goat anti-mouse IgG (Invitrogen) diluted 1:1000 in PBS-IH with 0 . 1% BSA. Cells were then washed three times with PBS-IH and fluorescence signals were collected with C6 Accuri Cytometer (Accuri Cytometers, Inc., Ann Arbor, MI, USA). Fluorescence from cells transfected with empty vector was used as negative control. The expression level of the mutants was calculated as a percentage of WT MC4R expression using the formula: (mutant fluorescenceKpcDNA3 fluorescence)/(WT fluorescenceKpcDNA3 fluorescence)!100% (Wang et al. 2008) . For assessing the effect of proteasome or lysosome inhibitor on total receptor expression, 24 h after transfection, cells were treated with MG132 (25 mM), NH 4 Cl (25 mM), or chloroquine (100 mM) for 18 h before the measurement.
ERK1/2 signaling assay
For studying ERK1/2 signaling, cells were washed twice and incubated with Waymouth/BSA (Waymouth's MB752/1 media (Sigma-Aldrich) containing 1 mg/ml BSA) 24 h after transfection and starved for 18 h at 37 8C before hormone stimulation. Cells were treated for 5 min with either buffer alone or 1 mM NDP-MSH, solubilized in lysis buffer (20 mM Hepes, pH 7 . 4, 150 mM NaCl, 0 . 5% NP-40, 2 mM EDTA, 1 mM sodium orthovanadate, and 1 mM sodium fluoride), and then clarified by centrifugation at 4 8C, 14 000 g for 15 min. Thirty micrograms of supernatant proteins were separated on 10% SDS-PAGE gel and then transferred to PVDF membrane. Phosphorylated ERK1/2 and b-tubulin were detected by immunoblotting with rabbit antipERK1/2 antibody (1:1000w1:3000, Cell Signaling Technology, Beverly, MA, USA) and mouse antib-tubulin antibody (1:5000w1:20 000, Developmental Studies Hybridoma Bank at the University of Iowa) respectively. Membranes were then washed thoroughly with Tris-buffered saline (TBS, 20 mM Tris, 0 . 5 M NaCl, pH 7 . 5) containing 0 . 1% Tween 20 (TBST) and then probed with HRP-conjugated secondary donkey anti-rabbit (1:500w1:2000, Jackson ImmunoResearch Laboratories, West Grove, PA, USA) and HRP-conjugated donkey anti-mouse (1:5000w1:20 000, Jackson ImmunoResearch Laboratories) at room temperature for 2 h. The membranes were then washed with TBST and a final wash with TBS. Blots were then visualized using enhanced chemiluminescence reagent (Pierce, Rockford, IL, USA) and quantified using ImageJ 1.44 Software (National Institute of Health, Bethesda, MD, USA) after densitometric scanning of the films. ERK1/2 phosphorylation was normalized according to the loading of proteins by expressing the data as a ratio of pERK1/2 over b-tubulin. The phosphorylated ERK1/2 was expressed as a percent of the basal value of WT hMC4R.
Statistical analyses
The significance of differences in cell-surface expression level, signaling and binding parameters, and pERK1/2 activities, between the WT and mutant hMC4Rs, were analyzed using Student's t-test with Prism 4.0 Software.
Results
Expression, ligand binding, and signaling properties of the TM3 mutant hMC4Rs
To study the importance of TM3 residues in ligand binding and signaling, we mutated 26 TM3 residues as shown in Fig. 1 , excluding previously well-studied S136 (Fan & Tao 2009 ) and DRYFTI motifs (Tao & Segaloff 2004 , Yamano et al. 2004 , Govaerts et al. 2005 , by alanine-scanning mutagenesis. For these studies, TM3 residues were mutated to Ala (or substitution of Ala by Gly) to eliminate the side chain interactions. Results obtained from these mutants would reveal which amino acid residues are important for ligand binding and/or receptor activation. A total of 26 TM3 mutants were generated.
To quantitate the cell-surface and total receptor expression levels of mutant MC4Rs, flow cytometry technique was used as described in the Materials and methods section. The results demonstrated that all TM3 mutants were expressed normally on the cell surface with no significant difference compared with WT MC4R (Fig. 2A) . One mutant, I129A, had a small, although statistically significant, decrease in total expression, and the other 25 mutants had normal total expression levels ( Fig. 2B) .
Ligand binding and signaling properties of these mutants were assessed using NDP-MSH. Because NDP-MSH is a superpotent analog of a-MSH (Sawyer et al. 1980) , we reasoned that if a mutant cannot bind and respond to NDP-MSH, it would not be able to bind and respond to the endogenous ligands such as a-or b-MSH.
As shown in Fig. 3 As it was suggested that basal signaling might be important for maintaining energy homeostasis in humans (Srinivasan et al. 2004) , we also measured the basal signaling of the mutant MC4Rs. As shown in Fig. 5 , two mutants, I137A and L140A, had significantly increased basal signaling. Of the remaining 24 mutants, seven had decreased basal signaling and the other mutants had normal levels of basal signaling.
Expression, ligand binding, and signaling properties of the L140 mutant hMC4Rs
As L140 3 . 43 (superscript indicates BallesterosWeinstein numbering for GPCR residues; Ballesteros & Weinstein (1995) ), a highly conserved residue presenting in 74% family A GPCRs (Mirzadegan et al. 2003) , has been suggested to be important in stabilizing the inactive conformation of GPCRs (Latronico et al. 1998 , Baranski et al. 1999 , Lu & Hulme 1999 , Kosugi et al. 2000 , Tao et al. 2000 reviewed in Tao (2008) ), saturation mutagenesis was performed at this N120A  I121A  D122A  N123A  V124A  I125A  D126A  S127A  V128A  I129A  C130A  S131A  S132A  L133A  L134A  A135G  I137A  C138A  S139A  L140A  L141A  S142A  I143A  A144G N120A  I121A  D122A  N123A  V124A  I125A  D126A  S127A  V128A  I129A  C130A  S131A  S132A  L133A  L134A  A135G  I137A  C138A  S139A  L140A  L141A  S142A  I143A  A144G loci to gain further detailed information on the structure-function relationship of L140 in MC4R. Seventeen additional L140 mutants were generated (excluding L140H, which we failed to generate after several attempts), and their cell-surface and total receptor expression were studied (Fig. 6 ). Two mutants, L140G and L140V, had both normal cell-surface and total receptor expression. Three mutants, L140C, L140I, and L140K, had significantly decreased cellsurface expression with normal total expression, suggesting that these mutants were intracellularly retained. Ten L140 mutants, including mutations of L140 to D, E, F, M, N, Q, S, T, W, and Y, had significantly decreased cell-surface expression, most likely due to their significantly decreased total expression. Two mutants, L140P and L140R, had normal cell-surface expression (Fig. 6A ), but with decreased total expression (Fig. 6B) . In order to study whether the decreased total receptor expression was due to accelerated protein degradation, total expression of these ten L140 mutants was measured with or without the treatment of proteasome inhibitor (25 mM MG132) or lysosome inhibitors (25 mM NH 4 Cl or 100 mM chloroquine) as described in the Materials and methods section. As shown in Fig. 7 , there was no significant increase in total expression of the mutant and WT hMC4R upon the treatment of proteasome or lysosome inhibitors.
The ligand binding property of the 17 L140 mutants was also studied. As shown in Fig. 8 and Table 2, L140G and L140V, although with normal cell-surface expression, had significantly decreased maximal binding. Twelve mutants, mutations of L140 to C, D, E, F, I, M, N, Q, S, T, W, and Y, had decreased maximal binding ( Fig. 8 and Table 2 ), most likely due to their largely decreased cell-surface expression (Fig. 6A) . Three mutants, mutations of L140 to K, P, and R, had normal ligand binding.
The signaling properties of the 17 L140 mutants are presented in Fig. 9 and Table 2 . Upon NDP-MSH stimulation, ten mutants, mutations of L140 to C, D, F, I, M, N, Q, S, T, and Y, had decreased maximal response and/or increased EC 50 s, which were consistent with their decreased cell-surface expression levels. Mutant Functions of TM3 of human MC4R . X-L MO and others 225 L140G, expressed normally on the cell-surface, was impaired in signaling in terms of maximal response, most likely due to its defect in ligand binding. Mutant L140R also had significantly decreased maximal response, although it had normal cell-surface expression and ligand binding. Other mutants could signal at least as well as WT MC4R in terms of maximal signaling. L140V had decreased EC 50 s (Fig. 9 and Table 2 ).
We also measured the basal signaling of the L140 mutants (Table 2 ). Ten mutants, mutations of L140 to C, D, E, K, N, P, Q, S, T, and V, had increased basal cAMP activity. Four mutants, mutations of L140 to I, M, R, and Y, had decreased basal cAMP production, and the other mutants had normal basal signaling activities.
Signaling properties of L140 mutants at the ERK1/2 pathway
Because the MC4R can signal through both cAMP and ERK1/2 and because the ERK1/2 signaling pathway has been suggested to be one cellular mechanism underlying the regulation of energy homeostasis by MC4R (Sutton et al. 2005) , we asked whether there is biased signaling at the MC4R. The L140 mutants studied herein (Fig. 9 ) revealed four signaling defective mutants (SDMs, including mutations of L140 to G, I, M, and R) and nine constitutively active mutants (CAMs, including mutations of L140 to C, E, K, N, P, Q, S, T, and V) in the cAMP pathway. These mutants are excellent tools to address two questions: 1) are mutants constitutively active in the cAMP pathway also constitutively active in the ERK1/2 pathway? and 2) are mutants defective in ligand-induced signaling in the cAMP pathway also defective in responding to ligand stimulation in the ERK1/2 pathway? Therefore, the ability of these L140 mutants to activate ERK1/2 was studied either in the basal condition (for the CAMs) or in maximal ligandstimulated condition (for the SDMs). A time-course experiment was performed to determine the optimal time for ERK1/2 activation in WT MC4R, and the level of pERK1/2 reached maximum in 5 min (data not shown). In these experiments, the WT or mutant MC4R were transfected into HEK293Tcells and subsequently treated for 5 min with 1 mM NDP-MSH (for SDM only) or not. The levels of pERK1/2 were measured using western blots as described in the Materials and methods section. As shown in Fig. 10A , B and C, although the CAMs had high constitutive activities in the cAMP pathway (Fig. 10A) , their basal pERK1/2 activities were at similar levels to that of WT MC4R (Fig. 10B and C) , different from their basal cAMP signaling. None of the CAM mutants had increased basal ERK1/2 signaling. Data for the four SDMs are shown in Fig. 11A , B and C. Two mutants (L140I and L140M) were defective in ERK1/2 signaling upon NDP-MSH stimulation, consistent with their deficiency in cAMP production. Two SDMs (L140G and L140R) had similar levels of ERK1/2 phosphorylation as that of WT MC4R upon NDP-MSH stimulation, different from their cAMP signaling properties. It is interesting to note that although L140R had decreased basal cAMP activity (see also Tao (2008) ), it had significant constitutive pERK1/2 levels (Fig. 11C) . These results suggested that the nine CAMs and two SDMs (L140G and L140R) had divergent cAMP and ERK1/2 signaling properties.
Discussion
In this study, we systematically studied 26 residues of TM3 in MC4R. We showed that one mutant D126A had no measurable binding, and six other mutants, D122A, I125A, L133A, L134A, S139A, and L140A, had significantly decreased maximal binding or receptor occupancy ( Fig. 3 and Table 1 ). These seven mutants had normal levels of cell-surface expression, suggesting that these mutants were defective in ligand binding per se.
D122, I125, and D126 sit at the top of the third TM domain. We showed that D122A, I125A, and D126A were expressed normally at the cell surface but with significantly decreased ligand binding or cAMP signaling. These results are consistent with previous mutagenesis experiments demonstrating D122, I125, and D126 as being essential for binding to peptide and nonpeptidyl ligands (Yang et al. 2000 , Fleck et al. 2005 , Hogan et al. 2006 , hypothesized to interact with the pharmacophore His-D-Phe-Arg-Trp of NDP-MSH (Hogan et al. 2006 , Nargund et al. 2006 . We also showed that the naturally occurring D126Y mutation is expressed normally at the surface but had no binding to NDP-MSH, defective in ligand binding per se (Wang & Tao 2011) . Four mutants, including L133A, L134A, S139A, and L140A, were expressed on the cell surface normally but had significantly decreased maximal binding ( Fig. 2A and Table 1 ). L133 and L134 are located in the middle of TM3, and S139 and L140 are located near the intracellular surface. Because of the modest decreases in maximal binding without affecting the binding affinity (similar IC 50 as the WT MC4R) for L133A and L134A, and the inherent inaccuracies in the binding assay used here for estimating maximal binding, we cannot conclude whether these two residues are directly involved in ligand binding. A previous study mutating L133 to methionine showed that binding to NDP-MSH is not affected (Yang et al. 2002) . Mutations of S139 and L140, located close to the intracellular surface of TM3, into alanine, caused dramatic decreases in maximal binding despite normal cell-surface expression. Similar observations were made before in other peptide receptors. For example, in the GNRH receptor, mutations in the cytoplasmic end of TMs were found to affect ligand binding (Lu et al. 2005) . In the MC3R, we showed that mutations of E92 located near the intracellular end of TM1 abolished ligand binding despite expression at the cell surface (Wang et al. 2008) . These mutations likely affected the conformation of the receptor rather than directly disrupted ligand-receptor interaction.
Four mutants, D122A, D126A, L133A, and L140A, had cAMP signaling deficiency, most likely due to their impaired binding properties as discussed earlier. Five mutants, S127A, V128A, S132A, L141A, and I143A, had impaired signaling but normal ligand binding, suggesting that these residues are important in signal transduction. Several previous studies (Hinney et al. 2003 , Lubrano-Berthelier et al. 2003 , Valli-Jaakola et al. 2004 , including ours (Fan & Tao 2009 ), showed that one naturally occurring mutation, S127L, has significantly decreased maximal responses and a modest (less than threefold) but significant increase in basal cAMP signaling activity. In our experiments, mutating S127 to Ala resulted in decreased maximal response. However, its basal activity was similar to that of WT MC4R.
We previously reported that one naturally occurring mutation, S136F, is a loss-of-function mutation with normal total and cell-surface expression, as well as normal ligand binding properties (Fan & Tao 2009) , consistent with other studies (Valli-Jaakola et al. 2004 , Tan et al. 2009 ). Multiple mutagenesis experiments further showed that S136 is important for signaling. We showed that mutating S136 to Ala, Cys, and Arg resulted in decreased maximal response, whereas mutations into Cys, Leu, Arg, and Try resulted in increased EC 50 s (Fan & Tao 2009 ).
The DRY motif and surrounding residues have been known to be essential for receptor signaling in various GPCRs (Gether 2000 , Yamano et al. 2004 , Govaerts et al. 2005 . Mutations in this motif are known to greatly affect the receptor functions by directly disrupting the G protein coupling and disrupting the ionic lock 0 WT Basal cAMP (% WT)   V119A  N120A  I121A  D122A  N123A  V124A  I125A  D126A  S127A  V128A  I129A  C130A  S131A  S132A  L133A  L134A  A135G  I137A  C138A  S139A  L140A  L141A  S142A  I143A  A144G  V145A   100 L140D  L140E  L140F  L140G  L140I  L140K  L140M  L140N  L140P  L140Q  L140R  L140S  L140T  L140V  L140W  L140Y   WT  L140C  L140D  L140E  L140F  L140G  L140I  L140K  L140M  L140N  L140P  L140Q  L140R  L140S  L140T  L140V  L140W formed between TM3 and TM6 (reviewed in Gether (2000)). In the MC4R, mutations of the DRY motif resulted in profoundly impaired ligand binding and receptor signaling properties (Yamano et al. 2004) . Previous studies mutating D146 into Ala resulted in significantly increased basal cAMP activity. We also reported that one naturally occurring mutation, D146N, has increased basal cAMP activity with decreased cell-surface expression, decreased ligand binding but normal maximal responses , Wang & Tao 2011 . T150I in the DRYxxI motif has significantly decreased receptor signaling (Govaerts et al. 2005) . We showed that I151 in the DRYxxI motif at the end of TM3 is also critical for ligand-induced cAMP signaling; mutation of this isoleucine to asparagine totally disrupts NDP-MSH-induced signaling despite normal ligand binding (Tao & Segaloff 2004) . The remaining mutants could signal at least as well as WT MC4R in terms of maximal signaling upon NDP-MSH stimulation, consistent with several previous studies (Yang et al. 2000 , Chen et al. 2007 . Three mutants, S142A, A144G, and V145A, even had significantly increased maximal response. Similar observations were made before in other mutant MC4Rs (Wang & Tao 2011) .
We also showed that one mutant, I121A, had normal cell-surface expression, ligand binding, and cAMP signaling. Some previous studies demonstrated that one naturally occurring mutation, I121T, is impaired in cAMP signaling upon stimulation with a-MSH (Hinney et al. 2003) . Recent studies, however, showed that I121T has decreased cell-surface expression, decreased binding affinity with NDP-MSH, but normal potency upon a-MSH or NDP-MSH stimulation (Xiang et al. 2010) . Therefore, the structure-function relationship of the residue I121 is still unclear.
In addition, our data showed that one mutant, I137A, normally expressed on the cell surface, had normal binding and signaling properties. In previous studies, one naturally occurring mutation, I137T, has been shown to be expressed on the cell surface but defective in agonist binding (Gu et al. 1999) .
Basal signaling of the MC4R has been suggested to be important for maintaining energy homeostasis in humans (Srinivasan et al. 2004) . We have also identified a number of naturally occurring MC4R mutations that have decreased basal activities (Tao & Segaloff 2005 , Fan & Tao 2009 , Wang & Tao 2011 . In this study, we also measured the basal signaling of the mutant MC4Rs. We showed that two mutants, I137 3 . 40 A and L140 3 . 43 A, had significantly increased basal signaling. These results are consistent with the crystal structure of b 2 -adrenoceptor, showing that I121 3 . 40 (Rasmussen et al. 2011) and L124 3 . 43 ) are essential for stabilizing the receptor in its inactive conformation, hypothesized to interact with other residues through hydrophobic interactions. In order to obtain more detailed insight into the function of L140 in MC4R, we generated 17 additional L140 mutants. We showed that ten L140 mutants were constitutively active in cAMP signaling, including substitutions of L140 to three hydrophobic residues (C, P, and V), four hydrophilic neutral residues (N, Q, S, and T), two hydrophilic negatively charged residues (D and E), and one hydrophilic positively charged residue (K). Seven L140 mutants had normal or even decreased basal cAMP activity, including substitutions of L140 to one hydrophilic positively charged residue (R) and six hydrophobic residues (F, G, I, M, W, and Y) . Correlation analyses demonstrated that the basal cAMP activity was significantly correlated with the hydrophobicity (Jones 1975 ) of the residues (Pearson's correlation coefficientsZK0 . 5523, P valueZ0 . 0142).
This result was consistent with the previous finding in the crystal structure of b 2 -adrenoceptor that a hydrophobic pocket is formed around Leu124 3 . 43 . Four mutants (L140 to C, P, R, and V), however, were exceptions that cannot be fully explained by the hypothesis that constitutive activation resulted from the disruption of hydrophobic interactions that stabilize the receptor in its inactive state. Rather, in these cases, a more likely hypothesis is that constitutive activity arises from the disruption of interhelical interactions stabilizing the inactive conformation as well as formation of other interactions involving the newly introduced residue, which can stabilize the receptor in an active state (Tao et al. 2000) .
With the recent report that ERK1/2 signaling activated through MC4R is involved in melanocortininduced decreases in food intake (Sutton et al. 2005) , herein, we studied the ERK1/2 signaling of nine CAMs and four SDMs at the L140 locus. We demonstrated that two SDMs (L140I and L140M) had similar ERK1/2 activities as their cAMP signaling properties. The other two SDMs (L140 to G and R) had normal ERK1/2 phosphorylation upon stimulation. L140R had decreased basal cAMP activity but had significant constitutive activity in the basal ERK1/2 signaling pathway. All nine L140 CAMs (L140 to C, E, K, N, P, Q, S, T, and V) had no constitutive activation of ERK1/2 signaling. Therefore, we concluded that one mutant, L140G, was intrinsically biased in the ERK1/2 signaling pathway. One mutant, L140R, was intrinsically biased in basal cAMP signaling and was intrinsically biased in ERK1/2 signaling upon NDP-MSH stimulation. Nine mutants, mutations L140 to C, E, K, N, P, Q, S, T, and V, were intrinsically biased MC4R mutants in basal cAMP signaling.
Several intrinsically biased GPCR mutants have been reported. For example, a mutant angiotensin type 1A receptor (DRY/AAY) is intrinsically biased in ERK1/2 signaling upon agonist stimulation (Wei et al. 2003) . Transgenic mice with this mutant receptor develop more severe hypertrophy and bradycardia than WT mice (Zhai et al. 2005) . One mutant b 2 -adrenoceptor (T68F, Y132G, and Y219A) is also intrinsically biased in the ERK1/2 signaling pathway (Shenoy et al. 2006) . In the MC4R, Patten et al. (2007) reported the first MC4R mutant, D298N, which is intrinsically biased in cAMP signaling. It was shown that D298N has cAMP signaling but does not have ERK1/2 signaling upon hormone stimulation. To our best knowledge, we are the first to report mutant MC4Rs (mutations of L140 to C, E, K, N, P, Q, S, T, and V) that were intrinsically biased in basal cAMP signaling, as well as the first to report mutant MC4Rs (L140G and L140R) that were intrinsically biased in the ERK1/2 signaling pathway upon agonist stimulation.
The studies of biased agonism in other GPCRs have suggested that divergent signaling pathways might contribute to different physiological functions (reviewed in Whalen et al. (2011) ). The MC4R has multiple physiological roles in regulating energy homeostasis, cachexia, cardiovascular function, glucose and lipid homeostasis, reproduction, and sexual function (Tao 2010) . The signaling pathways activated in different physiological functions of MC4R, however, has not been determined. The intrinsically biased MC4R mutant constructs reported in this study could be useful for generating transgenic animals and thus be helpful in investigating the potential role of cAMPdependent or ERK1/2-dependent signaling pathway in mediating the physiological roles of the MC4R.
GPCRs have been known to have multiple signaling states, and a mutant receptor can adopt a specific conformation (reviewed in Perez & Karnik (2005) ). Our data suggested that the nine L140 CAMs might stabilize the MC4R in a conformation capable of coupling to cAMP but not to the ERK1/2 signaling pathway. The two L140 SDMs (L140 to G and R) might stabilize the MC4R in a conformation capable of coupling to ERK1/2 but not to the cAMP signaling pathway upon NDP-MSH stimulation. The SDM L140R might stabilize the MC4R in a conformation that constitutively activates ERK1/2 but not cAMP signaling.
Our results further confirmed the divergent structural requirement for the cAMP and ERK1/2 signaling pathways and suggested that L140 might be a key residue in switching MC4R between several thermodynamically favorable conformations.
The flow cytometry results showed that three mutants, L140C, L140I, and L140K, were intracellularly retained with decreased cell-surface expression but normal total receptor expression, suggesting that these mutants are defective in forward trafficking. Defective trafficking of mutant receptors to the cell surface has been shown to be a predominant defect in MC4R as well as in other GPCR mutations (reviewed in Conn et al. (2007) and Tao (2005 Tao ( , 2006 ). Interestingly, however, one TM3 mutant (I129A) and 12 L140 mutants (mutating L140 to D, E, F, M, N, P, Q, R, S, T, W, and Y) had dramatic decreases in total receptor expression.
Decreased total receptor expression has been reported previously for some missense GPCR mutations including the MC4R (Fan & Tao 2009 , Wang & Tao 2011 , Yang & Tao 2012 , Zhang et al. 2012 , even for some synonymous mutations (Duan et al. 2003 , Bartoszewski et al. 2010 . We therefore further studied whether the decreased total receptor expression was due to accelerated protein degradation (Yang et al. 2011) . Ten L140 mutants (mutating L140 to D, E, F, M, N, Q, S, T, W, and Y) had almost abolished total receptor expression. Their total expression levels were measured with or without the treatment of proteasome inhibitor or lysosome inhibitors. The results (as shown in Fig. 7) , however, showed that there was no increase in total receptor expression upon the treatment of proteasome or lysosome inhibitors. These results suggested that increased degradation by the proteasome or lysosome was not responsible for the diminished expression of these mutants. Decreased protein synthesis due to altered secondary structure of mRNA (Duan et al. 2003 , Bartoszewski et al. 2010 ) of those MC4R mutants might be responsible for the decreased receptor expression, although posttranscriptional mechanisms might also be involved. Further studies are needed to address the detailed causes of the observed decreased total MC4R expression.
In summary, the results presented here showed that TM3 was critical for MC4R ligand binding and/or signaling, consistent with previous studies. Of the 26 TM3 mutants we studied herein, 13 were significantly impaired in ligand binding and/or cAMP signaling. Moreover, L140 was critical for locking MC4R in inactive conformation and several mutants displayed biased signaling in cAMP and ERK1/2 signaling pathways.
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